Abstract. The Global Ozone Monitoring Experiment (GOME) on board the ERS-2 isdesigned to measure trace gas column densities in the Earth's atmosphere. Such retrievals are hindered by the presence of clouds. The most important cloud parameters that are needed to correct trace gas column density retrievals for the disturbing effects of clouds are the (effective) cloud fraction and cloud top pressure. At present, in the operational GOME data processor an effective cloud fraction is derived for each pixel, but cloud top pressure is assumed a priori and is deduced from a climatological database. Here we report an improved cloud retrieval scheme, which simultaneously retrieves the effective cloud fraction and cloud top pressure from GOME data. 
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Data and Retrieval Method

GOME Data
The GOME instrument measures the Earth's reflected radiance and the solar irradiance at wavelengths between 237 and 794 nm. The light entering the instrument is dispersed using a predisperser prism and four gratings (one grating for each optical channel), after which it is recorded by four diode-array detectors with 1024 detector pixels each. In FRESCO we make use of the GOME measurements between 758 and 766 nm, which are in GOME channel 4. The spectral resolution of GO ME is determined by the slit function. This function has been measured prelaunch and can be repre- 
in which 00 is the solar zenith angle.
Retrieval Method
2.2.1. Principle. The principle of the FRESCO retrieval algorithm is explained by referring to Figure 1 , which shows 02 A band measurements for two cloudy pixels over Scotland, measured by GOME on July 23, 1995, 1151 UT. From weather maps and the corresponding ATSR-2 image we know that the clouds belong to a cold front pertaining to a low-pressure area with its center north of Scotland. One pixel is in the center of the frontal zone and contains mainly high clouds, and one pixel is in the cold area behind the front and contains mainly low clouds. Figure I shows their normalized reflectivity spectra in and around the 02 A band. The refiectivities in Figure I have been normalized by their continuum value at 758 nm, where no absorption occurs. These continuum refiectivities are 0.789 for the high cloud and 0.681 for the low cloud. The decrease in reflectivity with respect to the continuum value due to absorption by oxygen can be observed clearly in these spectra. The reflectivity in the continuum is mainly determined by the cloud fraction, the cloud optical thickness (or cloud albedo), and the surface albedo. Inside the 02 A band, however, the reflectivity depends on the cloud top pressure as well because clouds screen nearly all the oxygen below them and, to a lesser extent, inside them. Therefore the 02 A band is deeper for the pixel with the low cloud than for the pixel with the high cloud. Combined information on cloud fraction and cloud optical thickness may, in principle, be derived from the reflectivity in the continuum, whereas the cloud top pressure can be inferred from the depth of the 02 A band, as oxygen is a well-mixed gas.
Method description.
In FRESCO, three ..• 1-nm-wide wavelength windows are used, namely, 758-759 nm (continuum, no absorption), 760-761 nm (strong absorption), and 765-766 nm (moderate absorption).
Each window comprises five GOME wavelengths. It is important to note that the refiectivities in these three wavelength windows contain nearly all independent information that is available in the 02 A band for instruments with the spectral resolution of GOME [Kollewe et al., 1992] . The FRESCO retrieval method is based on comparing the measured and simulated refiectivities in these three wavelength windows.
To simulate the spectrum of a (partly) cloudy GOME pixel, some assumptions are made in FRESCO (see Figure 2) . A pixel is assumed to consist of a clear and a cloudy part, with a fractional area of (1-c) and c, respectively, where c is the cloud fraction. We assume that the contributions of the clear and cloudy parts of the pixel to the reflectivity at the top of the atmosphere can be written as the sum of the refiectivities of a completely clear and a completely cloudy pixel weighted with the cloud fraction; that is, adjacency effects are neglected. To simplify the retrieval, molecular scattering, scattering and absorption by aerosols, and absorption by oxygen inside and below the cloud are hPa; for land we account for the elevation of the ground surface, which is deduced from the ETOPO5 database. The albedo of sea is taken to be 0.02, and the albedo of land is deduced from a global minimum-reflectivity database, which we composed for this purpose using two months of GOME data (a July and a January month).
We interpret these minimum-reflectivity data as stations and is expressed in octas (multiples of 1/8th). The reported cloud fraction is independent of the cloud optical thickness, provided that the cloud is optically thick enough to be detected by the human eye. However, in the case of GOME it is impossible to uniquely rarely exceed 0.8 at 758 nm but may quite often be larger than 0.6. Thus the smaller the value of Ac is chosen, the more often it will not be possible to approach the measured reflectivity with the simulations, as we restrict the effective cloud fractions to values between 0 and 1. By choosing a rather extreme value for the cloud albedo of 0.8 the effective cloud fraction is able to span a large range of cloudy situations which occur in reality. Second, in our birefiector model we assume that absorption below the cloud may be neglected. This approximation clearly breaks down for an optically thin cloud above a bright surface. Therefore a high cloud albedo has been assumed, so that the model assumptions are internally consistent. Third, in the current GOME ozone column density retrieval algorithm, absorption below the cloud is neglected as well. Koelemeijet and $tammes [1999b] show that the choice Ac-0.8 is optimal for cloud correction of ozone column density retrievals from GOME ultraviolet measurements. If a lower value for Ac is used, the correction which is applied to account for ozone below the cloud is too large.
Sensitivity Analysis
To investigate the sensitivity of the FRESCO effective cloud fractions and cloud top pressures to measurement errors and retrieval assumptions, a sensitivity study has been performed. Eight sensitivity experiments were carried out, to be described below, using real data from two GOME orbits; one orbit over Europe, Africa, and the Atlantic Ocean (ERS-2 orbit 1222) and one orbit over the Atlantic Ocean and South America (ERS-2 orbit 1223). The data were acquired on July 15, 1995. Approximately 75% of the pixels concerns sea and 25% concerns land. The GOME pixel size was 40 x 80 km 2. For these orbits the mean FRESCO effec- 
Wavelength Calibration
The accuracy of the wavelength calibration of the GOME reflectivity at wavelengths of the O2 A band is estimated to be :t:0.04 nm. Therefore we have studied the effect on the retrieved effective cloud fraction and cloud top pressure of a shift in the wavelength grid of the reflectivity measurements with AA=+0.04 nm. As shown in the first row of Table 1 , the resulting change in the retrieved effective cloud fraction is negligible, and the absolute change in the retrieved cloud top pressure is smaller than 15 hPa for 95% of the considered pixels.
Radiometric Calibration
The accuracy of the GOME reflectivities in the continuum at wavelengths around the O2 A band is esti-mated to be 2-3% [Koelemeijer et al., 1998 ]. However, inside strong absorption bands the refiectivities are expected to be less accurate than in the continuum. This is related to the sensitivity of the GOME instrument to the degree of polarization of light entering the instrument and the fact that the GOME polarization correction method is designed for continuum wavelengths. Table 1 ).
3.5.
Surface Albedo
The surface albedo of sea is chosen to be 0.02. For land it is deduced from the surface albedo database described in section 2. The spatial resolution of the surface albedo database, 2.5 ø x 2.5 ø, is rather coarse. This was done to ensure that each grid box contains many 
Thus the relative increase in c is proportional to a decrease in Ac, and the relative change is large if Ac -A8 is small, i.e., over bright surfaces. We do not regard the change in c related to the chosen Ac as an error in the derived c, but rather, we interpret the derived c in the reference case as an effective cloud fraction, which is the cloud fraction obtained by assuming Ac=0. The results are given in Table 1 . We verified that the change in c is in agreement with (12) if AAc is replaced by (Rc-0.8). We found that changes in the retrieved c and Pc are largest for large solar zenith angles because then Rc deviates most from Ac. Also, 5•'c is small over sea surfaces and is relatively large over land surfaces with a small effective cloud fraction. In general, both 5c and 5•,c are smaller than those of the cloud albedo experiment described in section 3.6.
Fitting Method
To minimize the difference between Rsim(•) and Rmeas(A), the reflectivities at the different wavelengths have been given the same weight, referred to as unweighted fitting. Another approach is to weight the refiectivities by the measurement error, referred to as weighted fitting. In this section we compare these two fitting methods. For the weighted fitting, the measurement errors are taken the same as specified in section 3.2. As shown in Table 1 , the difference between the two fitting methods is negligible for effective cloud fractions. For the cloud top pressures, however, the influence is considerable. Using weighted fitting, the derived cloud top pressures are 26 hPa lower than using unweighted fitting, on average. To discuss the differ-ET AL.: METHOD FOR RETRIEVAL OF CLOUD PARAMETERS 
where Rclear and Rcloud are the refiectivities which would be measured if the whole GOME pixel were clear and fully covered by optically thick clouds, respectively.
Rclear is calculated from
Rclear ----fland Rland q-(1 --fland) Rsea,
where liana is the fraction of the ATSR-2 pixels inside the GOME pixel pertaining to land. A land/sea mask is supplied in the ATSR-2 data product. In FRESCO we use R½lo,a=0. small temperature difference Txx -Tx2. Therefore only those cloudy ATSR-2 pixels in a GOME pixel were selected which fulfilled the emissivity criterion Txx-Tx2 _• I K. The cloud top pressures of these ATSR-2 pixels have been averaged to obtain the ATSR-2 cloud top pressure pertaining to the GOME pixel, which is briefly referred to as the ATSR-2 cloud top pressure.
Often, only a fraction of all ATSR-2 pixels inside the GOME pixel fulfill the emissivity criterion, in which case, the ATSR-2-derived cloud top pressure may not be representative for the whole GOME pixel. Therefore, in our comparison of FRESCO-and ATSR-2-derived cloud top pressures, we only considered GOME pixels in which more than 15% of the ATSR-2 pixels fulfilled the emissivity criterion. In section 6 we will show that the threshold of 15% appears to be a reasonable value. Furthermore, in the comparison of FRESCO and ATSR-2 derived cloud top pressures, we only considered GOME pixels for which the FRESCO effective cloud fraction was larger than 0.1. Among the 322 pixels, 236 pixels fulfilled these selection criteria.
Comparison of FRESCO and ATSR-2 Cloud Parameters
The correlation between the effective cloud fractions from FRESCO and ATSR-2 is shown in Figure 5 , and the correlation between the cloud top pressures from FRESCO and ATSR-2 is shown in Figure 6 . The dots correspond to clouds above sea and the crosses correspond to clouds above land. Table 3 For the effective cloud fraction a good correlation is found, although FRESCO effective cloud fractions are slightly higher than those of ATSR-2. The average dif- Another concern is that the FRESCO cloud top pressures always pertain to the whole GOME pixel, whereas the ATSR-2 cloud top pressures pertain to a part of this pixel, as only cloudy ATSR-2 pixels were selected which fulfilled the emissivity criterion. An estimation of the impact of this effect can be obtained from Figure 7 , which shows the difference between FRESCO and ATSR-2 derived cloud top pressures as a function of the percentage of ATSR-2 pixels inside the GOME pixel which fulfill the emissivity criterion. Clearly, if only a small percentage of ATSR-2 pixels fulfill the emissivity criterion (particularly when the percentage drops below 15%), the ATSR-2 cloud top pressure deviates strongly from the FRESCO cloud top pressure, indicating that it is no longer representative for the whole GOME pixel. It appears that the scatter between ATSR-2-and FRESCO-derived cloud top pressures decreases as the number of ATSR-2 pixels from which cloud top pressure is retrieved increases, and this may explain the random difference to some extent. The systematic difference remains, however, even for cases where almost all ATSR-2 pixels inside the GOME pixel can be used.
Interestingly, a correlation was found between the cloud top pressure difference FRESCO -ATSR-2 and the average cloud top reflectivity of the cloudy pixels as derived from the ATSR-2 measurements at 0.66 bm. We would like to emphasize that the FRESCO and ATSR-2 algorithms to derive cloud top pressure are completely different, as FRESCO employs the oxygen A band, which is in the shortwave part of the Earth's spectrum, whereas ATSR-2 uses the thermal infrared part of the Earth's spectrum. The advantage of the 02 A band method as compared to the brightness temperature method is that the first method is directly sensitive to pressure, whereas the latter method depends critically on the quality of the temperature profile used to convert brightness temperatures to pressures. A disadvantage of FRESCO is that treatment of oxygen absorption inside the cloud is necessary to obtain cloud top pressure retrieval errors below the 100 hPa error level.
In the future, we plan to improve the FRESCO effective cloud fraction and cloud top pressure retrieval by increasing the spatial resolution of the land surface albedo database and taking into account the temporal variation of the surface albedo. Furthermore, we plan to study the residual differences between our FRESCO model and the GOME measurements in more detail, as they may reveal information on photon paths in the real atmosphere. Nevertheless, the use of FRESCO cloud top pressures in its present form would be a significant improvement in the cloud correction of GOME ozone vertical column density retrievals, as compared to using a climatological value for the cloud top pressure. The FRESCO effective cloud fractions and cloud top pressures are presently used for near-real-time ozone column density retrieval at KNMI, in the framework of the GOME 
